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' I ,  
Stat ic  and cyc l i c  load tes ts  were conducted t o  determine the s t a t i c  and 
fat igue strength of the RSI  t i le /SIP thermal protect ion system used on the 
o rb i te r  o f  the Space Shuttle. The material systems investigated include the 
densified and undensified LI-900 t i l e  system on the .40 cm (.I60 inch) t h i c k  
S I P  and the densif ied and undensified LI-2200 t i l e  system on the .23 un (.090 
inch) th ick  SIP. The tests were conducted a t  room temperature wi th  a f u l l y  
reversed uniform cyc l i c  loading a t  1 Hertz. Cyclic loading causes a re l a t i ve l y  
large reduction i n  the stress leve l  tha t  each o f  the S IP / t i l e  systems can 
withstand for  a small number o f  cycles. For example, the average s t a t i c  
strength of the .43 cm (.I60 inch) th i ck  SIPILI-900 t i l e  system i s  reduced 
from 86 kPa (12.5 ps i )  t o  62 kPa (9 ps i )  f o r  a thousand cycles. Although the 
.23 an (.090 inch) th ick  SIPILI-2200 t i l e  system has a higher s t a t i c  strength, 
s imi lar  reductions i n  the fatigue strength are noted. Densifying the faying 
surface o f  the R S I  t i l e  changes the f a i l u r e  mode from the S IP / t i l e  inter face 
t o  the parent R S I  o r  the S I P  and thus great ly increases the s t a t i c  strength 
o f  the system. Fatigue f a i l u r e  f o r  the densif ied t i l e  system, however, occurs 
due t o  complete separation o r  excessive elongation o f  the S I P  and the fa t igue 
strength i s  only s l i g h t l y  greater than tha t  f o r  the undensified t i l e  system. 
Introduction 
The thermal protect ion system (TPS) used f o r  high heating areas o f  the 
space shutt le o rb i te r  i s  composed of  t i l e  arrays o f  reusable surface insu la t ion 
(RSI). The arrays are composed o f  f ibrous s i l i c a  t i l e s  bonded t o  nmex f e l t  
strarn iso la t ion pads ( S I P )  using RTV 560 adhesive. The t i l e /S IP  combination 
i s ,  i n  turn, bonded t o  the external o rb i t e r  aluminum skin surface using 
i?TV 560. During ascent and descent o f  the orb i ter ,  the TPS are subjected t o  a 
var iety o f  repe t i t i ve  ioads caused by s t a t i c  and v ibratory motion o f  the 
aluminum skin substructure, 1 i f t o f f  and aerodynamic boundary layer and tran- 
sonic shock passage dynamic 1 oddi ngs , aerodynamic pressure gradient, and 
d i f fe ren t ia l  pressures across transonic shocks. The S I P  transfers much of the 
load transverse t o  the pad along bundles o f  f ibers  created during the 
manufacturing of the pad. Load transfer through the bundles, spaced approxi- 
m a t e ? ~  .25 cm (.l inch) apart, cause local stress concentrations i n  the R S I  a t  
the RSI/SIP inter face surface which reduces the u l t imate strength o f  the TPS 
below the strength o f  e i ther  the R S I  o r  the S I P  alone. 
The loads, although possibly not high enough t o  cause a s t a t i c  f a i l u r e  of 
the TPS, could, because o f  the loca l  stress concentrations and repe t i t i ve  
loading, cause cumulative damage resu l t ing i n  f a i l u r e  o f  the TPS e i the r  from 
excessive extension o f  the S I P  d isrupt ing the a i r  flow, o r  from complete 
separation from the aluminum substructure. Loadings on the TPS during f l i g h t  
are expected t o  be random and occur a t  high s t r a i n  rates, however, t o  evaluate 
the degree o f  suscept ib i l i ty  t o  fat igue f a i l u r e  o f  the TPS material system, a 
series o f  fat igue tests were performed using sinusoidal f u l  l y  reversed appl ied 
loads. 
Tests were conducted and the resu l t s  reported herein f o r  four t i l e  density 
configurations and two S I P  thicknesses. The possible signif icance o f  the t e s t  
resul ts i n  the use o f  these thermal protect ion systems i s  discussed. 
Specimens and Tests 
Specimens 
Materials: The materials considered i n  t h i s  invest igat ion include the un- 
densified and densified LI-900 and 2200 RSI t i l e s ,  .41 cm (.I60 inch) and .23 
cm (.090 inch) th ick  SIP, and RTV-560 adhesive. These materials form the basis 
o f  the thermal protect ion system used f o r  the shut t le  orb i ter ,  The LI-900 and 
2200 RSJ t i l e s  are made from r ig id i zed  s i l i c a  f ibers ,  have a density o f  about 
145 kglrn3 (9 lb / f t3 ) ,  and 354 kg/m3 (22 l b / f t 3 )  respectively, and insulate the 
primary a i r  frame from the entry heat pulse. Some o f  the LI-900 and 2200 t i l e s  
were densified by applying a ceramic s lu r ry  t o  the t i l e  surface next t o  the S I P /  
t i l e  interface. The s lu r ry  i s  a mixture o f  Ludox which i s  a co l lod ia l  s i l  i ca  and 
a s i l i c a  s l i p  w i th  small par t ic les  o f  s i l i ca .  A control led amount o f  t h i s  
mixture i s  brushed on the faying surface o f  the t i l e .  On drying, t h i s  mixture 
provides a hard, strong, densified layer approximately .25 cm (.I inch) thick. 
The S I P  i s  a needled (non-woven) Nomex f e l t  and i s  used as a s t r a i n  i so la to r  
pad (SIP)  between the R S I  t i l e s   an^ the aluminum primary structure o f  the 
vehicle. The RTV-560 i s  a s i l i cone rubber adhesive which cures a t  room 
temperature. It i s  used t o  bond the R S I  t i l e  t o  the SIP and the S I P  t o  the 
skin o f  the vehicle. 
The t i l e  and S I P  material were obtained from the same supply as t ha t  f o r  
the shutt le. The t i l e s  wi th the aensif ied coating were supplied by Rockwell 
International.  Fresh RTV-560 was obtained from the manufacturer t o  insure tha t  
the shelf 1 i f e  had not been exceeded. A1 1 specimen support f i x tu res  were made 
from 2024-T4 aluminum. Aluminum f i x t u r e  surfaces tha t  were t o  be bonded t o  
tes t  specimens were chemically etched, sprayed wi th  a protect ive primer (Koro- 
pon) , and vacuum baked t o  remove a1 1 vo la t i les .  The bonding procedure used t o  
make the specimens i s  a very close dupl icate o f  tha t  used on the actual 
shutt le. The bonding and qua1 i t y  control personnel received special t r a i n i ng  
a t  JFK Center t o  insure that  the correct procedure was used i n  making the 
specimens. Care was taken t o  insure tha t  the RTV had cured t o  a Shore hardness 
o f  50 o r  greater before tes t ing the specimen. 
Configurations: Detai l  dimensions o f  the poker-chip specimens used i n  the 
present investigation are shown i n  f igures l ( a ) ,  and l ( b ) ,  respectively for  the 
undensif i ld and densif ied t i l e  systems. The tes t  materials are bonded between 
two aluminum blanks 5.72 cm (2.25 inches) i n  diameter wi th a .8 an (.3 inch) 
diameter alignment p in hole through the center. The SIP and t i l e  were bonded 
together and t o  the aluminum blanks using a .018 an (.007 inch) t h i ck  layer o f  
RTV-560 adhesive. For the densified t i l e  specimens, the densi f ied surface i s  
bonded t o  the S I P .  An alignment p in i s  inserted through the center of the 
aluminum blank and the tes t  material whi le bonding and during the cure o f  the 
adhesive, but i s  removed before tes t ing the specimen. The t i l e  material was 
1.59 cm (.62 inches) th i ck  f o r  the undensified t i l e s  and 2.54 cm (1.00 inches) 
thick f o r  the densif ied t i l e s .  S I P  materials w i th  thicknesses o f  ,41 cm (.I60 
inch) and .23 m (.090 inch) were tested. 
Tests 
A l l  tests were conducted on a hydraul ical ly  actuated t es t  machine that  can 
be operated i n  e i ther  the load o r  displacement control mode. A 890 newton (200 
l b )  tension-compression load c e l l  was used t o  measure the load applied t o  the 
specimen and t o  control the tes t  machine when i n  the load control mode. 
Specinen displacement was measured using an LDVT which indicated tes t ing 
machine head motion. Data were recorded o r  monitored using a x-y recorder, an 
osci 1 loscope, a maxirnum d i g i t a l  voltmeter, and a mechanical counter, 
The tes t  setup i s  shown by the photograph i n  f i gu re  2. The procedure 
followed i n  set t ing up a t e s t  i s  t o  zero the load c e l l  w i th  the upper hal f  of 
a typ ica l  specimen attached t o  the load ce l l .  The t es t  specimen i s  then 
attached t o  the load c e l l  i2i1d alignment checked using a d i a l  indicator  as 
shown i n  f igure 3, The base o f  the d i a l  ind icator  i s  mounted on the hydraul ic 
ram and the ram rotated while not ing the indicated runout, If the runout i s  
greater than ,025 cm (,010 inches), shims are ins ta l led  between the load c e l l  
and the specimen t o  reduce the runout t o  w i th in  the indicated l i m i t .  A f te r  
sat isfactory a1 ignment, i ns ta l l a t i on  o f  the specimen i s  completed wi th  the 
t es t  machine i n  the displacement control mode. The t e s t  machine control  mode 
i s  then switched t o  load control which removes any residual setup loads, The 
x-y recorder and osci 11 oscope i s  then ca1 i brated and the counter reset. 
A l l  tests were run a t  one cycle per second w i th  a f u l l y  reversed ( R P  -1) 
sinusoidal load cycle. Startup o f  the t es t  was begun a t  a low load leve l  t o  
prevent shock loading the material and then the load rap id ly  increased t o  the 
t es t  level .  Test levels were reached less than 25 cycles i n t o  the tests. 
During the tests, the l a te ra l  movement o f  the specimen was monitored using a 
d i a l  gage as shown i n  f igure 4. Total l a t e ra l  movement was less than .020 cm 
(.008 inches) f o r  each tes t .  The load wave form was monitored using the osc i l -  
loscope t o  insure -:hat a l l  specimens received the same loading cycle. A 
typical  load wave t o n  i s  shown i n  f i gu re  5 and a typ ica l  stress-displacement 
curve i s  shown i n  f igure 6. The f l a t  port ion of the load curve near zero load 
( f i g .  5)  indicates that  the t es t  machine i s  not able t o  maintain a slnusoidal 
load curve. The d i f f i c u l t y  i n  providing the desired load wave f o m  i s  evident 
i n  f igure 6 where near zero stress levels, large displacements are required t o  
obtain small changes i n  stress level .  Although the tes t  machine i s  not able 
t o  maintain the desired sinusoidal load curve, the smoothness o f  the load curve 
( f igure 5) indicates tha t  the material was not  subjected t o  shock loadings. 
Results and Discussion 
-
A sumnary o f  the resu l ts  o f  the cyc l i c  load tes ts  are shown as fol lows: 
Figure 7 f o r  the ,160 SIPILI-900 t i l e  system, f igure 8 for  the .090 SIP/LI-2200 
t i l e  system, f igure 9 for the .160 SIPILI-900 densif ied t i l e  system, and f igu re  
10 f o r  the ,090 SIP/LI-2200 densified t i l e  system. The stress leve ls  are shown 
as a function o f  the number o f  f u l l y  reversed (R= -1) cycles t o  f a i l u r e  f o r  
each S IP / t i l e  system. The.daohed l i n e  on each f igure i s  a l eas t  squares fit 
o f  the t es t  resu l ts  where the intersect ion a t  1 cycle shown as a s o l i d  symbol 
i s  the mean s t a t i c  f a i l u r e  stress o f  a t  least  45 tes ts  performed by Rockwell 
Internaticnal , the prime contractor f o r  the shut t le  orb i ter .  The Rockwell 
s t a t i c  tens i le  tes ts  were performed on square specimens, where the t i l e  was 
15.24 x 15.24 cm (6 x 6 inch) and a SIP planform o f  12.70 x 12.70 cm ( 5  x 5 
inch), and 
tests were 
plot ted a t  
s t a t i c  f a i  
i n  the SIP 
.160 SIP/L 
where stress i n  the S I P  i s  reported. A small number o f  s t a t i c  
performed during the current fat igue program and resu l ts  are 
the one cycle locat ion as open symbols. For figures 9 and 10, 
ure occurs i n  the RSI whereas f o r  cyc l i c  loading, f a i l u r e  occurs 
The s t a t i c  resu l ts  f e l l  above the Rockwell means resu l ts  f o r  the 
-900 R S I  t i l e  system and below the Rockwe1 1 mean resu l ts  f o r  the 
.090 SIP/LI-2200 R S I  t i l e  system. I n  both cases, the resu l t s  were well  with- 
i n  two standard deviations o f  the Rockwell s t a t i c  resul ts.  
The dashed curves are based on only a few t es t  data points and are meant 
to provide the reader wi th a general rather than specif ic ind icat ion o f  the 
fat igue behavior o f  the R S I / S I P  thermal protect ion system. Several factors 
not considered i n  the t es t  program would tend t o  lower the expected 1 i fe t ime 
below that  suggested by the indicated curves f o r  an actual t i l e  on the orb i ter .  
These factors include material process control variations, i ns ta l  l a t i o n  
variables, and the e f fec t  of cumulative damage which might occur a t  lower 
stresses during a given f l i g h t  mission or as a resu l t  o f  a s t a t i c  proof t es t  
before a f l i g h t  mission. Simi lar ly ,  several factors not considered i n  t h i s  
t es t  program would tend t o  ra ise the expected l i f e t ime  as determined from the 
indicated curves. These factors include higher tes t ing rates, R values greater 
than -1, and an increase i n  specimen cross-section size. 
Undensified T i l e  Results 
Cyclic loading resul ts i n  a r e l a t i ve l y  large reduction i n  the stress leve l  
t h d t  each o f  the S IP / t i l e  systems can withstand for a small number o f  cycles. 
For the .I60 SIP/LI-900 undenslfied t i l e  system (Fig. 7), the strength i s  
reduced from approxhately 81 kPa (11.7 ps i )  average s t a t i c  strength t o  62 kPa 
(9 ps i )  fat igue strength a f ter  d thousand cycles. For the ,090 SIP/LI-2200 
undensifled t i l e  system (Fig. 8), the average s ta t i c  strength i s  reduced from 
approximately 198 kPa (28.7. ps i )  t o  117 kPa (17 ps i )  fst lgue strength a f t e r  a 
thousand cycles. Failures i n  both the L1-900 and LI-2200 undenslfied t i l e  
systems occur a t  the S IP / t l l e  inter face.  The .090 SIP/LI-2200 R S I  t i l e  system 
shows a considerable improvement i n  l i f e t i m e  i n  comparison t o  the .I60 SIP/LI-900 
RSI  t i l e  system. For example, a t  69 kPa (10 ps i )  the .I60 SIP/LI-900 RSI t i l e  
system w i  11 fa i  1 on the average a t  about 100 cycles whereas the .090 SIPILI-2200 
R S I  t i l e  system w i  11 survive on the average for  70,000 cycles. 
Denslfied T i l e  Results 
The f la tw ise ult imate tens i le  strengths o f  the R S I  t i l e s ,  the SIP, and 
the t o ta l  protect ion system, i .e. R S I  tile/RTV/SIP/RTV/aluminun have been 
determined experimentally by Rockwell Internatl:>3al Corporation. It was found 
that  the average ul t imate strength o f  the indiv idual  components, the R S I  t i l e ,  
RTV , and S I P  considerably exceeded the average ul t imate strength of the comb1 ned 
system as shown i n  Table 1. The S I P  i s  composed o f  a mat o f  f i be rs  l y i n g  i n  a 
plane and held together by discrete bundles o f  transverse f ibers.  These trans- 
verse f i b e r  bundles are composed o f  inplane f ibe rs  pul led through the mat by 
barbed needles during manufacture o f  the pad. The reduced strength o f  the 
system i s  a t t r ibuted t o  stress concentrations a t  the S IP / t i l e  interface caused 
by discrete load t ransfer  across the SIP occurring mainly a t  the f i b e r  bundles 
as shown i n  reference 1. Densif icat ion o f  the t i l e  surface strengthens the 
S IP / t i l e  inter face su f f i c i en t l y  tha t  f a i l u r e  occurs i n  the R S I  above the 
densified region f o r  the LI-900 R S I  and e i ther  the R S I  above the densified 
region o r  the S I P  f o r  the LI-2200 R S I  t i l e s .  As shown i n  fab le  1, densi f icat ion 
o f  the ,160 SIP/LI-900 t i l e  system increases the average s t a t i c  strength from 
61 kPa (11.7 ps i )  t o  154 kPa (22.3 ps i )  and fo? the .090 SIP/LI-2200 t i l e  
system, from 198 kPa (28.7 p s i )  t o  319 kPa (46.3 ps i ) .  
For a densified t i l e  thermal protect ion system, fatigue f a i l u r e  o f  the S I P  
during cyc l ic  loading occurs due t o  excessive elongation o f  the S I P  material.  
Figure 11 shows typ ica l  load def lect ion curves for  the .I60 S I P  a f t e r  various 
load cycles. Each load cycle resu l ts  i n  s l i g h t l y  increased elongation o f  the 
S I P  during the tension port ion of the cycle u n t i l  complete separation f a i l u r e  
occurs. Mission f a i l u r e  due t o  excessive e l  ongation may occur before complete 
separation i n  e i ther  the R S I  o r  the S I P  takes place, Large elongations o f  the 
S I P  can allow a t i l e  t o  move i n t o  the airstream during reentry and d isrupt  the 
laminary boundary layer creating premature f low t rans i t i on  which i n  t u rn  can 
cause excessive heating downstream. Figure 11 shows t ha t  the S I P  undergoes a 
rapid fat igue extension a t  a low number o f  cycles. A f te r  only 75 c.ycles a t  
+69 kPa (10 ps i )  t o t a l  t i l e  motion i s  .41 cm (.I6 inches). O f  more Importance, 
-- 
the major port ion o f  t h i s  displacement occurs under very low loads. For 
example, the t i l e  can undergo a displacement o f  .25 an (.lo inches) when sub- 
jected t o  a stress between 27 kPa (5 psi) .  Pract ical ly ,  t h i s  degree o f  t i l e  
looseness would mean tha t  a t i l e  once subjected t o  a low number o f  stress 
reversals could be positioned anywhere w i th in  a .25 cm (.lo inch) range. 
For the .I60 SIPILI-900 densified t i l e  system shown i n  f igure 9, f a i l u r e  
o f  the S I P  was a r b i t r a r i l y  assumed t o  have occurred when the elongation between 
the maximum and minimum loads exceeded .64 cm (.25 in,). According t o  f l gu re  
11, the t i l e  i s  loose enough so tha t  i t  can be moved .46 cm i.18 inches) w i th  
less than - +7 kPa (+1 - ps i )  applied stress. Once the t o t a l  elongation reaches 
.64 cm (,25 inch), the specimen rap id ly  deteriorates under fur ther  load 
cycl ing u n t i l  complete SIP separation fa i lu re  occurs. The plus symbols i n  
f igure 9 indicate complete separation f a i l u r e  for a few typ ica l  specimens. 
The small numbers beside the symbols i den t i f y  the specimens for  which complete 
f a i l u re  i s  given. For the .090 SIPILI-2200 densified t i l e  system shown i n  
f igure 10, the data points represent complete fa i l u res  of the SIP material.  
I f  a more r e s t r i c t i v e  elongation c r i t e r i a  i s  chosen as a f a i l u r e  condit ion for  
e i ther  S IP I t i l e  system, the degradation i n  system strength due t o  cyc l i c  
loading would be more severe, 
The .I60 SIP/LI-900 densif ied t i l e  system a t  69 kPa (10 ps i )  has a mean 
1 i fet ime of approximately 15,000 cycles whereas the same system undensif i ed  
has an expected mean 1 i fet ime of only 100 cycles a t  the same stress level .  
Similarly, the .090 SIP/LI-2200 densif ied t i l e  system a t  138 kPa (20 ps i )  has 
a mean l i f e t ime  of approximately 8,000 cycles whereas the same system unden- 
s i f i e d  has an expected mean l i f e t ime of only 200 cycles a t  the same stress 
level . 
L im i ta t i on  on Repet i t ion o f  Proof Tests 
A large number o f  t e n s i l e  tes ts  o f  the  i nd i v idua l  mater ia l  components; the  
RSI, SIP, and RTV; were performed before f u l l  scale production began t o  obta in  
allowable strength predict ions. When it was discovered t h a t  t he  system had 
considerably less strength than the  weakest of the i nd i v idua l  components, these 
material  al lowable values could no longer be used i n  evaluat ing the  margin-of-safety 
of the t i l e  a t  various locat ions. When a reduced allowable, obtained by s t a t i s -  
t i c a l  ext rapolat ion from a small number o f  complete system tes ts  (RSI/RTV/SIP/ 
RTV), was used, a la rge number o f  t i l e s  already i n s t a l l e d  on the  o r b i t e r  had a 
negative margin. Rather than r e l y i n g  on t h i s  lower reduced a l lowdb l t  t o  p red ic t  
acceptab i l i t y  o f  a t i l e  i ns ta l l a t i on ,  a proof t e n s i l e  load equal t o  1.25 times 
the  maximum stress expected during f l i g h t  ( l i m i t  s t ress)  was appl ied t o  t i l e s  
tha t  were i n s t a l l e d  on the o rb i te r .  Survival o f  t he  appl ied proof load i s  an 
ind ica t ion  t h a t  the t i l e  system has s u f f i c i e n t  s t a t i c  strength t o  g ive  a posi tve 
margin o f  safety. I f  a t i l e  f a i l s  the  proof t e s t  as determined by e i t h e r  
separation from the substructure o r  exceedance o f  neasured noise counts i n  an 
acoustic emission t e s t  taken during the  loading process, i t  i s  removed and 
densif ied. Any t i l e  whose predicted l i m i t  stress d ic ta ted a proof  stress 
higher than 10 ps i  was automatical ly removed, densi f ied ,  and r e i n s t a l  led. 
A f te r  a mission has been completed, the i n t e g r i t y  o f  a t i l e / S I P  TPS might 
be reaff i rmed by performing another "proof" t e s t  t o  10 psi ,  I f  the t i l e  i s  
undensified and mounted on .I60 SIP ,  the resu l t s  o f  f i g w e  7 suggest t h a t  t he  
average t f  le/SIP can survive only s l i g h t l y  over 100 such "proof" tes ts  before 
complete separation occurs. By applying a scat te r  factor o f  4 t o  the 1 i f e t ime  
and considering t h a t  the t i l e / S I P  TPS sustained some degree o f  cumulative 
fat igue damage during each f l i g h t ,  the projected l i f e  w i l l  be less than 25 
missions i f  the t i l e  i s  proof tested between each mission, Obviously, i f  un- 
densjf ied t i l e s  w i l l  be used for more than one f l i g h t ,  they may not be proof 
tested t o  10 ps i  between fl ights  and another method t o  insure i n t e g r i t y  must 
be found. 
I 
Concluding Ramarks 
S ta t i c  and cyc l i c  load tes ts  were conducted t o  determine the s t a t i c  and 
fat igue strength o f  the R S I  t l le /SIP thermal protect ion system used on the 
o rb i te r  o f  the Space Shuttle. The material systems investigated include the 
.&Y 
densified and undensified 11-900 t i l e  system on the .40 an (.I60 inch) th i ck  
. S I P  and the densified and undenstfied LI-2200 t i l e  system on Ihe .23 cm 
(.090 inch) th i ck  SIP. The tests were conducted a t  room temperature wi th  a 
f u l l y  reversed uniform cyc l i c  loading a t  1 hertz. Curves showing the number 
o f  cycles t o  fa i l u re  a t  various stress leve ls  were obtained f o r  each t i l e /  
S I P  system. 
The t es t  resa l ts  show tha t  cyc l i c  loading causes a re l a t i ve l y  large 
reduction i n  the stress level  that  each of the S IP / t i l e  systems can withstand 
f o r  a small number of cycles. For example, the average s t a t i c  strength o f  the 
.40 cm (,I60 inch) th ick  SIP/LI-900 t i l e  system i s  reduced f r o m  86 kPa (12.5 
ps i )  t o  62 kPa (9 ps i )  f o r  a thousand cycles. Although the .23 cm (.090 inch) 
th ick  SIP/LI-2200 t i l e  system has a higher s t a t i c  strength, s imi lar  reductions 
i n  the fat igue strength are noted. Densifying the faying surface o f  the R S I  
t i l e s  changes the f a i l u re  mode from the S IP / t i l e  inter face t o  the parent RSI  
or  the S I P .  Densification thus great ly increases the s t a t i c  strength o f  the 
system but only s l i g h t l y  increases the fatigue strength. The low fat igue l i f e  
for the densified t i l e  system i s  due t o  complete separation o r  excessive 
elongation o f  the S IP .  Thus, fur ther  improvements i n  the R S I  t i l e  strength 
w i l l  not resu l t  i n  any improve men:^ i n  the t o t a l  system fatigue strength. 
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